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Abstract
The interfacial morphologies play a crucial role in mechanical properties of laminated/bimetal
composite. This study investigates the effects of heat treatments on the interfacial
characteristics, mechanical properties and fracture behaviour of a 2205 duplex stainless steel/
AH36 carbon steel bimetal composite with varying interface situations fabricated by the hotrolling and subsequent heat treatments. The bimetal composite was annealed from 850 ℃ to
1150 ℃ in steps of 100 ℃ with soaking 1 h. Heterogeneities of grain size and element
concentration exist in the microstructural evolution of bonding zone adjacent to interface after
annealing treatments, which were observed by the optical microscope and scanning electron
microscope (SEM) coupled with the energy dispersive X-ray spectroscopy (EDS). It was found
that the diffusion transition zone of Cr and Fe alloy elements between component 2205 and
AH36 steel layers present an increasing trend with the rise of annealing temperature. The
results of conventional, shear and compact tensile test indicate that the tensile strength of
2205/AH36 bimetal composite gradually decreases but the fracture elongation increases with
the rising annealing temperature, the thicker alloy element diffusion zone results in the stronger
interfacial shear strength and better ductility of bimetal composite, but the thick and strong
interface has less positive effect than the mechanical properties of bimetal composite itself on
preventing the fatigue crack growth across the interface.
Keywords: Bimetal composite; Heat treatment; Element diffusion; Interfacial characteristics;
Mechanical properties
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1 Introduction
Bimetal and laminated metal composite with dissimilar metal layers can be used in a variety of
aggressive fields, such as shipbuilding, chemical and oil production, as well as power plants
and flue gas desulphurisation plants, due to their ideal combination of good mechanical
properties, corrosion resistance, and adequate weldability [1-7]. In comparison with single
component materials of composite, the bonding zone adjacent to the interface formed in the
composite manufacturing process, shows a complex combination and gradient of
microstructure with various crystal structures, morphology and diffusion of alloy elements [810]. The different properties of interfacial bonding zone have an important effect on the quality
of bimetal composite [10, 11], so that the microstructural characteristics and mechanical
properties of interfacial zone have been studied by several researchers.
Some researchers focused on interfacial properties of bimetal composite after fabrication, such
as explosive bonding and rolling [12], without heat treatments to verify and optimise the
fabrication processing. The tensile properties and micro-hardness of bonding interface for the
austenitic stainless/low carbon ferritic-pearlitic steel composite were investigated by
Motarjemi et al. [13], and it has been found that the ultimate tensile strength and microhardness showed a sudden drop near the interface due to a carbon depleted zone between two
component layers. The creation of interface zone was reported to change the failure type of
aluminium/ copper composite in the shearing process [14]. The bonding strength of tri-metal
aluminium/stainless steel/aluminium composite was evaluated using peeling test by
Akramifard et al. [15], and they indicated that the bonding strength was enhanced by increasing
the amount of thickness reduction. Mendes et al. [16] demonstrated that the width of interface
zone correlated the shear strain of aluminium/steel composite. Yang et al. [17] studied the
influence of thermal conductivity on bonding strength for multilayers, and indicated that the
composite exhibited relative high bonding strength with low thermal conductivity.
Other researchers have studied the effects of heat treatment on interfacial properties to improve
the performance of laminated composites. Liu et al. [18] studied the effects of heat treatment
on the microstructure and mechanical properties of hot-rolled stainless steel clad plate. Macwan
et al. [19] and Luo et al. [20] discussed the correlation between post-roll annealing and interface
microstructures of aluminium/magnesium/aluminium tri-layered metal composite. They
indicated that the higher annealing temperatures gave rise to the thicker width of interface
compounds. Bina et al. [21] and He et al. [22] reported that the thickness of diffusion zone and
the tensile strength were larger with the increased heat treatment time and temperature for
2

copper/stainless steel bimetal plate and laminated zirconium/titanium plate, respectively. The
effects of different annealing time at 500 ℃ for aluminium and stainless steel bimetal plate
were studied by Hwang et al. [23], who concluded that thicker intermediate layer reduced the
bonding strength for over 2 h annealing time. Sheng et al. [24] and Kim et al. [25] investigated
the interface structure of aluminium/copper composite at various annealing temperatures. The
former one found that the heat treatment with low temperature could improve the bonding
strength of aluminium/copper bimetal composite, but high temperature and long heat treatment
time caused the formation of intermetallic compound zone in the interface which reduced the
bonding strength. Chen et al. [26] and Movahedi et al. [27] also obtained the similar
relationship between the bonding strength and annealing temperature for the aluminium/steel
composite plate. Quadir et al. [28] proposed that the post-rolling recrystallization annealing
process could improve the bonding toughness for adjacent aluminium strips. Although a large
amount of research has been done into the interfacial characteristics and mechanical properties
of various bimetal or laminated composite, there is still a lack of research into the
microstructural characteristics and behaviour of bonding zone adjacent to the interface of
duplex stainless steel bimetal composite under various post heat treatment conditions, and the
mechanical and fracture properties of interfacial zone after high temperature treatments need
also to be further studied.
This study aims to investigate the interfacial characteristics and mechanical properties of
duplex stainless steel bimetal composite annealed from 850 ℃ to 1150 ℃ in steps of 100 ℃
with soaking 1 h. A comparative study will be made on the influence of annealing temperature
on interfacial characteristics, including the diffusion behaviour of different elements, the
thickness of bonding zone and fracture behaviour, as well as total tensile and shear tensile
performance of bimetal composite. After the introduction in Section 1, the details of
experimental procedures will be presented in Section 2. In Section 3, the experimental results
will be addressed, including optical micrographs of bimetal composite in Section 3.1, and
element diffusion behaviour of interfacial zone in Section 3.2. In Section 4, the correlation
between interfacial characteristics and conventional, shear and compact tensile behaviours was
systematically discussed in Sections 4.1, 4.2 and 4.3, respectively. The final aim of this work
is to provide a reference for the optimisation of the practical fabrication processing of duplex
stainless steel bimetal composite.
2. Experimental procedures
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A duplex stainless steel bimetal composite, including 2205 duplex stainless steel layer (3 mm)
and AH36 carbon steel layer (8 mm), was fabricated by the hot-rolling and annealing process
at 850 ℃, 950 ℃, 1050 ℃ and 1150 ℃ for 1 h, respectively. The chemical compositions of
each steel layer are shown in Table1.
Experimental samples were cut from a bimetal composite plate perpendicular and parallel to
the rolling direction (Fig. 1). After annealing, the interfacial evolution and microstructure were
investigated in the rolling direction-normal direction (RD-ND) section plane of composite
specimens. The RD-ND section plane was mechanically ground followed by etching with a
solution of 50 ml HCl + 50 ml HNO3+50 ml H2O, and the optical microstructure of interfacial
zone was investigated by the Nickon Eclipse LV100NDA optical microscope. A JSM-6490F
scanning electron microscope (SEM) coupled with the energy dispersive X-ray spectroscopy
(EDS) was employed to investigate the morphology and elements diffusion of the interfacial
zone.
2205 (3 mm)

Specimen

Rolling direction
ND
RD
TD

RD-ND section
AH36 (8 mm)

Fig. 1. Schematic illustration of bimetal composite plate.
Table 1. Chemical compositions of 2205 and AH36 (wt %).
Materials C

Si

Mn

2205

0.024 0.62 1.4

AH36

0.18

P

S

Cr

Mo

Ni

Fe

0.023 0.001 21.07 3.01 5.36 Bal.

0.50 0.90-1.60 0.035 0.035 0.20

0.08 0.40 Bal.

In order to evaluate the effect of annealing treatment on the interfacial characteristics and
mechanical properties of bimetal composite, conventional and shear tensile tests using a fatigue
testing system (Instron-8801) were conducted, respectively. The conventional tensile specimen
with the gauge length of 25 mm, and the thickness of 6 mm (the thickness of each layer is 3
mm) was cut based on ASTM E8, as shown in Fig. 2a. The shear tensile specimen, as shown
in Fig. 2b, was employed to evaluate the interfacial bonding strength and distinguish the
fracture behaviour of bimetal composite. The compact tensile specimen based on the ASTM
647, as shown in Fig. 2c, was used to investigate the influence of heat treatment on the crack
4

growth behaviour across the interface, and a micro tensile tester [29] was used in this
experiment. All the tests were repeated 3 times for each specimen.

Fig. 2. (a) Conventional tensile specimen, (b) shear tensile specimen and (c) compact tensile
specimen.

3. Results
3.1 Optical micrographs
Hot rolling is a solid-state bonding method to join dissimilar metals with a certain pressure at
elevated temperature, which generates the microstructure evolution of bonding metals, such as
interfacial grain recrystallisation [30]. Fig. 3 shows the microstructure of specimens after hot
rolling and subsequently heat-treated at 850, 950, 1050 and 1150 ℃ in the RD-ND crosssection plane, respectively. The left duplex stainless steel (2205) layer has a characteristic
laminated structure, composed of alternating long ribbon-like ferrite and austenite phase bands.
The right low carbon steel (AH36) layer contains the polygonal ferrite grains. Generally, the
interface transition zone of stainless steel bimetal composite contains an obvious decarburised
zone of carbon steel substrate and a carburised zone of stainless steel [31], but the carbon
element transition zone between two steel layers is not clear after all heat treatments in this
study. The possible reason is that the coexisting ferrite and austenite interweave with each other
in 2205 steel layer, which can reduce the diffusion of carbon element from AH36 steel layer,
even though the diffusion velocity and solubility of carbon element in ferrite and austenite are
different, i.e., the carbon element has higher diffusion speed but lower solubility in ferrite phase
compared with austenite phase [32]. As a result, the black carbide thin band is concentrated at
the interface that constitutes a clear boundary, but no obvious interface oxides can be observed.
5

In addition, the optical microstructure evolution of 2205 and AH36 steel layers has no obvious
difference after annealing treatments. The ferrite and austenite phases of 2205 steel layer
remain markedly oriented along the RD with the morphologically anisotropic structure under
each state, but thicker bands of austenite and ferrite phases gradually appear in the specimens
annealed at 1050 and 1150 ℃. It is also interesting that the ferrite grains of AH36 steel layer
near interface are coarsening after heat treatments, marked by the interface and red dashed line
in Fig. 3, and this situation is obvious for the specimen after annealing at 850 ℃. The reason
was presented by Liu et al. [33] that it is difficult to refine the grains of decarburized zone of
carbon steel layer due to the absence of pearlite which can encourage the nucleation of ferrite
grains.

Fig. 3. Optical micrographs of the RD-ND section annealed at: (a) 850 ℃, (b) 950 ℃, (c)
1050 ℃, and (d) 1150 ℃.

3.2 Elements diffusion adjacent to interface
The diffusion behaviour of interfacial elements between component steel layers plays an
important role in the bonding status and interfacial strength of bimetal composite, and a greater
alloy diffusion distance often leads to the stronger interfacial shear strength [18, 30]. In this
study, the most difference of chemical compositions between the 2205 and AH36 steels
contains C, Cr, Fe, Mo and Ni elements. The concentration difference of these elements
between two steel layers causes the element diffusion during bonding and post annealing
processes. The resulted element diffusion was obtained by EDS analysis. SEM morphologies
and X-ray mappings of Cr and Fe elements adjacent to the interface after annealing treatments
at different temperatures of 850 ℃, 950 ℃, 1050 ℃ and 1150 ℃ are shown in Fig. 4. It can
be seen that an obvious drop in compositions of Cr element appears in the AH36 steel layer,
whereas there is a sharp increase in compositions of Fe element. The diffusion zone of Cr and
6

Fe elements between two steel layers is not obvious after annealing at 850 ℃ and 950 ℃, but
the gradient distribution of Cr and Fe elements can be observed after annealing at 1050 ℃ and
1150 ℃.

Fig. 4. SEM morphologies and X-ray mappings of Cr and Fe elements adjacent to the interface
annealed at: (a-a2) 850 ℃, (b-b2) 950 ℃, (c-c2) 1050 ℃, and (d-d2) 1150 ℃.

In order to obtain the alloy diffusion distance, the resulted profile curves of element diffusion
under different states (Fig. 5a-d) were drawn following the scan line in Fig. 4. It is clear that
the diffusion transition zone between two component steel layers increases with the rise of
annealing temperature (Fig. 5e). Macwan et al. [19], Zhang et al. [34] and Chen et al. [35] also
reported this similar phenomenon. The growth of the transition zone is assumed to be parabolic
law, and its thickness can be defined as [36, 37]:
𝛿 = √𝐾𝑡

(1)

where 𝛿 is the thickness of transition zone (m), 𝑡 represents the bonding or annealing time (s),
and K denotes the inter-diffusion coefficient, expressed by Arrhenius equations:
7

(2)

𝐾 = 𝐾 exp −

where 𝐾 is the frequency factor (m2 s-1), Q is the activation energy (J mol-1) for inter-diffusion,
R is the gas constant (8.3145 J mol-1K-1), and T is the absolute temperature (K).
Substituting Eq. (2) into Eq. (1), the thickness of transition zone is expressed as:
𝛿 = 𝐾 exp −

(3)

𝑡

As the annealing time of all states is the same (1 h), taking logarithm of both sides of Eq. (3),
it becomes:
(4)

2 ln 𝛿 = ln 𝐾 −

The activation energy (Q) and the frequency factor (𝐾 ) can be estimated from the slope and
intercept of the relationship plot of ln 𝛿 versus 1/𝑇, respectively. Therefore, the activation
energy (Q) is calculated as 124.8 KJ mol-1, and the value of 𝐾 for the transition zone is
calculated as 5.98×10-6 m2 s-1. The predicted thickness values of transition zone can be
calculated at different temperatures of 850 ℃, 950 ℃, 1050 ℃ and 1150 ℃, respectively. The
predicted results in comparison with experimental values are listed in Table 2 and shown in
Fig. 5b. A good agreement between the experimental mean thickness values and the predicted
thickness values was observed.
Moreover, the diffusion concentration profiles of Fe and Cr elements in transition zone are
different (Fig. 5a-d), and the diffusion profiles for Fe or Cr element in 2205 steel layer are also
different from that in AH36 steel layer. The element diffusion behaviour is non-steady obeying
Fick’s second law, so that the element concentration across the interface between 2205 steel
layer and AH36 steel layer can be quantified by the diffusion equation [38, 39]:
In 2205 steel layer:
In AH36 steel layer:
where c is the concentration of element, 𝐷

t
t

= 𝐷

(5a)

= 𝐷

(5a)

and 𝐷

are the diffusion coefficients in 2205

steel layer and AH36 steel layer, respectively, and x is the diffusion distance of element.
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Fig. 5. The diffusion profile of Cr and Fe elements adjacent to the interface annealed at: (a) 850 ℃,
(b) 950 ℃, (c) 1050 ℃, (d) 1150 ℃, and (e) the thickness values of transition zones.
Table 2. Experimental and predicted thickness values of transition zone at different states.
Annealing temperature

Experimental thickness Predicted thickness Difference
(μm)
(μm)
(%)

850 ℃

3.5

3.1

11.4

950 ℃

4.5

5.2

15.5

1050 ℃

7.4

8.4

13.5

1150 ℃

14.6

12.5

14.3

As the thickness of transition zone is much smaller than that of entire specimen, the bonded
bimetal composite can be seen as infinite diffusion couples. The initial and boundary conditions,
which can be used to calculate the solution of diffusion equation, are expressed below,
respectively:
Initial condition:
Boundary condition:

𝑐 (𝑥 < 0)
𝑐 (𝑥 > 0)

(6a)

𝑐 (𝑥 = −∞)
𝑐 (𝑥 = +∞)

(6a)

𝑐 (𝑥, 𝑡 = 0) =
𝑐(𝑥, 𝑡) =

where 𝑐 and 𝑐 represent the concentration for a particular element in 2205 steel layer and
AH36 steel layer, respectively. Due to the same diffusion flux on the interface, there is an added
boundary condition [11]:
9

(

𝐷

, )

(

=𝐷

, )

(7)

The solution of Eq. (5) can be obtained as follows:

𝑐(𝑥, 𝑡) =

𝑐 = 𝑘 + 𝑘 erf(

) (𝑥 < 0)

𝑐 = 𝑘 + 𝑘 erf(

) (𝑥 > 0)

(8)

where
(9)

𝑘 =
𝑘 =
𝑘

(

)

(

=

(10)
)

where 𝑘 is the element concentration of the centre plane, and 𝑘 and 𝑘

(11)
are the variation

amplitudes of the element concentration in 2205 steel layer and AH36 steel layer, respectively.
As a result, the element concentration across interface of 2205/AH36 bimetal composite can
be calculated using above relations.
4. Discussion
4.1 Tensile behaviour and fracture characteristics
The tensile properties of bimetal composite are a critical evaluation index when it is applied in
structural components [31, 40]. The microstructure and interface morphology of composite
material will be changed under different heat treatments. To investigate the effect of annealing
on the mechanical properties of bimetal composite, conventional uniaxial tensile tests were
first conducted. Fig. 6 shows the true stress-strain curves, tensile strength and fracture
elongation for bimetal composite at different annealing temperatures for 1 h. Tensile results
show that the tensile strength gradually decreases but the fracture elongation is larger with the
increase of annealing temperature. Previous study has indicated that the tensile strength of
strong 2205 steel layer play a dominant role in the total tensile strength of bimetal composite
[6, 41], but the coarsening grain of 2205 steel with the rise of annealing temperature leads to
the decrease of total strength due to the Hall-Petch strengthening law [36]. Another reason is
that the elimination of dislocations and residual stress in composite results in the decrease of
tensile strength at higher annealing temperatures [34]. Meanwhile, the thicker bonding
transition zone at higher annealing temperatures has less influence on the total tensile strength
of bimetal composite here. The elongation is the main factor of judging plasticity, so the
10

relatively good plasticity may coincide with the good microstructure of relatively homogeneous
grain size at high annealing temperatures. In addition, the stress-strain curve has a tendency of
sudden change at 1050 ℃, but the difference of stress-strain curve between 1050 ℃ and 1150 ℃
is not obvious, indicating that the 1050 ℃ is the critical annealing temperature of significant
change in microstructure and interface morphology of bimetal composite here.

Fig. 6. True stress-strain curves, tensile strength and elongation of conventional tensile specimens
under different conditions.

In order to investigate the fracture characteristics of specimens after tensile tests under different
heat treatments, the fracture cross-sections of interfacial transition zone perpendicular and
parallel to the tensile direction were observed, respectively. It is noted that no obvious diffuse
necking and interface delamination occur in the tensile specimens annealed at 850 ℃ and
950 ℃, in which the frontal fracture surfaces are also flat and smooth (Figs. 7a and 7b). These
phenomena are attributed to the lack of plasticity and ductility of both 2205 steel and AH36
steel layers annealed at 850 ℃ and 950 ℃. The fracture pacing of two different layers is
relatively consistent, and both damage behaviours are brittle fractures. This also explains that
the tensile elongation values of specimens annealed at 850 ℃ and 950 ℃ are relatively low
(Fig. 6).
In contrast, the diffuse necking and interface delamination appear in the tensile specimens
annealed at 1050 ℃ and 1150 ℃ (Figs. 7c and 7d). The fracture positions and times between
2205 steel and AH36 steel layers are also not the same. As the plasticity and ductility of 2205
steel are weaker than that of AH36 steel, the fracture time of 2205 steel is early under the same
imposed strain [36], which can be verified by the existing small step (marked by yellow dashed
lines in Figs. 7c and 7d), resulted from the further necking of AH36 steel layer, on frontal
fracture section between two different steel layers. Therefore, there are two reasons for the
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interface delamination of tensile specimens annealed at 1050 ℃ and 1150 ℃: (i) the discrepant
localised necking of two steel layers in the thickness direction; (ii) the further deformation and
localised necking of AH36 steel layer after the fracture of 2205 steel layer. In addition, the
warping phenomenon has also been observed in the specimens annealed at 1050 ℃ and
1150 ℃, in which the small curvature occurs on the frontal fracture section. It is attributed to
the different elastic and plastic deformation between two steel layers of bimetal composite [42],
and another reason is that the further localised necking of AH36 steel layer produces a certain
bending moment on 2205 steel layer, which further exacerbates the warping phenomenon.

Fig. 7. Fracture cross-sections of interfacial transition zone perpendicular and parallel to the tensile
direction after tensile tests under different states: (a) annealed at 850 ℃, (b) annealed at 950 ℃, (c)
annealed at 1050 ℃, and (d) annealed at 1150 ℃.

The schematic illustration of delamination in the tensile deformation process of bimetal
composite was conducted to explain its tensile fracture behaviour with the delamination, as
shown in Fig. 8. The heterogeneity in grain size, strength and stacking fault energy between
two steel layers of composite annealed at 1050 ℃ and 1150 ℃ leads to the incompatible
behaviour during the tensile deformation process [43]. The ductility of AH36 steel layer is
better than that of 2205 stainless steel, resulting in the different material flow speeds and the
shear stress field, as shown in Fig. 8b. The different flow speeds and shear stress lead to the
form of intergranular tunnel cracks in the transition zone, and consequently the occurrence of
tensile delamination [30].

12

Fig. 8. The schematic illustration of delamination in the tensile deformation process of bimetal
composite: (a) initial specimen, and (b) fractured specimen.

4.2 Correlation between interfacial characteristics and shear behaviour
The shear tensile tests were conducted to evaluate the bonding interface strength of bimetal
composite, which is an important consideration to make the composite be safely applied in
industrial service. Fig. 9 shows the shear load versus extension curves of specimens annealed
at 850 ℃, 950 ℃, 1050 ℃ and 1150 ℃. It is noted that all shear tensile curves have a fracture
starting point, marked by circles in Fig. 9, in which the interface begins to slide and fracture.
Taking the facture starting point as a boundary, all shear tensile specimens experienced two
deformation stages. The shear load first increases with the rise of extension until to a sharp
decrease at the fracture starting point, and then the shear load remains essentially constant until
the loaded specimen is completely broken. The fracture starting point load values of specimens
annealed at 850 ℃ and 950 ℃ are close, and the load values at fracture starting point increase
with increasing annealing temperatures from 950 ℃ to 1150 ℃. In addition, the shear extension
increases with the increase of annealing temperature as well, and the maximum shear extension
occurred in the specimen annealed at 1150 ℃. Consequently, the thicker alloy element
diffusion zone results in the stronger interfacial shear strength and better ductility of bimetal
composite, and the element diffusion is kind of interfacial metallurgical bonding process. The
similar results were reported by Wang et al. [44] and Liu et al. [45].
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Fig. 9. The relationship curves of shear load versus extension under different states.

Fig. 10 shows the profile, frontal shear fracture morphologies, and 3D profile images of 2205
steel layer of shear tensile specimens annealed at different temperatures. From the profile
fracture morphologies (Fig. 10a-d), it is seen that all shear fracture positions are located at
relatively weak AH36 steel layer, and the fracture and crack starting points are presented at the
junction of both ends (Fig. 9). The crack propagation direction is almost along 45° with the
bonding interface accompanying with a slight warping phenomenon on AH36 steel layer. The
warping is obvious for the shear tensile specimen annealed at 1150 ℃, which reveals that the
interface strength has been enhanced at high annealing temperature [18]. The frontal fracture
morphologies are not smooth (Fig. 10a1-d1), and there is a small bulge occurred on the 2205
steel layer after the shear tensile test at all states. The 3D profile images of bulge were obtained
by the laser microscope (Fig. 10a2-d2), and it is noted that the peak values of bulge from 339.3
μm to 239.8 μm decrease with the increase of annealing temperature. As the higher annealing
temperature leads to the stronger interface strength, a stronger bonding transition zone can
experience less plastic deformation with a smaller bulge.

14

Fig. 10. Profile and frontal fracture morphologies, and 3D profile images of 2205 steel layer of shear
tensile specimens annealed at: (a-a2) 850 ℃, (b-b2) 950 ℃, (c-c2) 1050 ℃, and (d-d2) 1150 ℃.

The finite element (FE) simulation model was built to study the shear tensile process, the
position of fracture starting point and the located fracture area. To simplify the FE model, the
bonding interface between 2205 steel and AH36 steel layers was set as the rigid connection in
this study [6]. The FE stress distribution of specimen annealed at 850 ℃ in the shear tensile
test is shown in Fig. 11. The maximum stress occurred at the junction of both ends, which
means that this area is most prone to material failure and fracture. As the 2205 steel layer is
relatively stronger than the AH36 steel layer, the cracks and damage are more likely to invade
and propagate to the weak material. The aforementioned experimental results and phenomenon
of shear tensile specimens agree well with FE simulation results.

Fig. 11. FE stress distribution of specimen annealed at 850 ℃ in the shear tensile test.

4.3 Crack propagation across the interface
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The compact tensile tests with mode-I cracked specimens were conducted to investigate the
fracture toughness and fatigue crack growth behaviour of bimetal composite after annealing
treatments. The mode-I crack in strongly bonded bimetal composite often nucleates in the
weaker component layer with lower yield strength as well as smaller fatigue threshold, and
then propagates to the interface of stronger layer [46], so that the compact tensile tests were
carried out following this weak-strong transition path.

Fig. 12. The relationship curves of load versus tensile distance of compact specimens: (a) annealed at
850 ℃ and 950 ℃, and (b) annealed at 1050 ℃ and 1150 ℃.

Fig. 12 shows the relationship curves of load versus tensile distance of compact specimens
annealed at different temperatures. It is found that the curve shape of specimens annealed at
850 ℃ and 950 ℃ is different from that of specimens annealed at 1050 ℃ and 1150 ℃. The
former two tensile load-distance curves, shown in Fig. 12a, have two stages: (i) the specimen
experiences elastic and plastic deformation without the crack growth, and the load value
increases with the rise of tensile distance; (ii) based on the experimental observation, the crack
occurs in both AH36 steel layer and 2205 steel layer at the same time after a sharp drop of load,
marked in the circles, and the crack continues to propagate in 2205 steel layer until to be
completely broken. In contrast, the latter two tensile load-distance curves, as shown in Fig. 12b,
have one more stage and there are three stages: (i) the first stage is the same as the former
curves with the specimen experiencing the deformation process; (ii) the crack occurs in the
AH36 steel layer with a slight decrease of load at point A, marked in the circle; (iii) the crack
begins to propagate across the interface with the second sharp drop of load at point B. In
addition, the tearing load value of specimen annealed at 850 ℃ is higher than that of specimen
annealed at 950 ℃, and the load at 1050 ℃ is greater than that at 1150 ℃. This trend agrees
well with the influence of annealing temperature on the total tensile strength of bimetal
composite. Meanwhile, it indicates that the thick and strong interface has less positive effect
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than the mechanical properties of bimetal composite itself on preventing the fatigue crack
growth across the interface from weak layer to strong layer of bimetal composite.

Fig. 13. Crack propagation paths of bimetal composite across the interface annealed at: (a-a2) 850 ℃,
(b-b2) 950 ℃, (c-c3) 1050 ℃, and (d-d3) 1150 ℃.

Crack propagation paths across the interface under different states were obtained to investigate
the influence of annealing temperature on the crack growth behaviour of bimetal composite, as
shown in Fig. 13. As mentioned before, the crack appeared in 2205 and AH36 steel layers
annealed at 850 ℃ and 950 ℃ at the same time from the beginning, marked by the blue arrow
in Figs. 13a1 and 13b1, and then the crack grows directly in the 2205 steel layer. In addition,
the crack paths are not smooth with jagged edge, shown in Figs. 13a2 and 13b2. The reason
mentioned before that the plasticity and ductility of bimetal composite have been reduced by
the annealing treatments at 850 ℃ and 950 ℃, leading to the brittle shear fracture. On the other
hand, the crack propagates from the AH36 steel layer to interface (marked by the blue arrow
in Figs. 13c1 and 13d1), and then to 2205 steel layer (marked by the blue arrow in Figs. 13c2
and 13d3) step by step in the specimens annealed at 1050 ℃ and 1150 ℃, respectively.
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5. Conclusions
The effects of heat treatments over the temperature range from 850 to 1150 ℃ on mechanical
properties and interface characteristics of 2205/AH36 duplex stainless steel bimetal composite
were investigated in this study. The main conclusions of this research are obtained as follows:
1. There is no significant difference in optical microstructure of 2205 and AH36 steel layers
under various annealing treatments. The ferrite and austenite phases of 2205 layer show
markedly oriented along the RD. The AH36 steel layer contains the polygonal ferrite grains,
but the ferrite grains of AH36 layer coarsen adjacent to the bonding interface.
2. The diffusion transition zone of Cr and Fe alloy elements between two 2205 and AH36 steel
layers present an increasing trend with the increase of the annealing temperature, and its
experimental mean thickness and predicted thickness show a good agreement. A calculation
method of alloy element concentration across interface of bimetal composite was proposed as
well.
3. The tensile strength of 2205/AH36 bimetal composite gradually decreases but the fracture
elongation increases with the increase of the annealing temperature. No obvious diffuse
necking and interface delamination occur in the tensile specimens annealed at 850 ℃ and
950 ℃, but these phenomena appear in in the tensile specimens annealed at 1050 ℃ and
1150 ℃.
4. Based the results of shear tensile tests, it is concluded that the stronger interfacial shear
strength and better ductility of 2205/AH36 bimetal composite results from the thicker alloy
element diffusion zone. The shear fracture positions are located at relatively weak AH36 steel
layer under all heat treatments, and the fracture and crack starting points are presented at the
junction of both ends of shear tensile specimen.
5. As the relatively low plasticity and ductility of 2205/AH36 bimetal composite annealed at
850 ℃ and 950 ℃, the crack appeared in two steel layers together from the beginning, and the
compact tensile load-distance curves have two main stages. In contrast, the crack propagate
from the AH36 steel layer to interface, and then gradually to 2205 steel layer, and the compact
tensile load-distance curves have three stages. The thick and strong interface has less positive
effect than the properties of bimetal composite itself on preventing the fatigue crack growth
across the interface.
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